This study describes the functional characterization of a specific mosquito transaminase responsible for catalyzing the transamination of to xanthurenic acid (XA). The enzyme was purified from Aedes aegypti larvae by ammonium sulfate fractionation, heat treatment and various chromatographic techniques plus nondenaturing electrophoresis. The purified transaminase has a relative molecular mass of 42,500 by SDS-PAGE. N-terminal and internal sequencing of the purified protein and the tryptic fragments identified its partial N-terminal sequence with 19 amino acid residues and 3 partial internal peptide sequences with 7, 10 and 7 amino acid residues. Designing degenerate primers based on the partial internal sequences and subsequent PCR amplification and cDNA library screening isolated a full-length cDNA clone with a 1,167-bp open reading frame. Its deduced amino acid sequence consists of 389 amino acid residues with a predicted molecular mass of 43,239 and shares 45-46% sequence identity to mammalian alanine glyoxylate transaminases. Northern analysis shows the active transcription of the enzyme in larvae and developing eggs. Substrate specificity analysis of this mosquito transaminase demonstrates that it is active to 3-HK, kynurenine and alanine. The enzyme has greater affinity and catalytic efficiency to 3-HK than to kynurenine and alanine. The biochemical characteristics of the enzyme in conjunction with the profiles of 3-HK transaminase activity and XA accumulation during mosquito development points out clearly its physiological function in the 3-HK to XA pathway. Our data suggest that the mosquito transaminase is evolved in a manner reflecting precisely the physiological requirement of detoxifying 3-HK produced in the tryptophan oxidation pathway in mosquitoes.
INTRODUCTION
In the tryptophan oxidation pathway, 3-HK 1 is a natural metabolite, but it is oxidized easily, which stimulates the production of reactive oxygen species (1) (2) (3) (4) (5) . 3-HK concentration is elevated in the brains of patients with AIDS-related dementia (6), Huntington's disease (7, 8) , and hepatic encephalopathy (9) . Recently it has been reported that 3-HK, at low micromolar concentrations, induced apoptosis of neurons prepared from the rat striatum (3, 4, 10) . In insects, injection of 3-HK into adult Neobellieria bullata caused instant paralysis followed by death (11) . 3-HK also is present in the mammalian lens and its oxidation product might crosslink lens proteins and contribute to nuclear cataract formation (12) (13) (14) (15) . To maintain physiological conditions, it apparently is critical for living organisms to be able to tightly regulate the level of 3-HK, thereby preventing over-accumulation of 3-HK.
Although 3-HK is toxic to living organisms, the tryptophan to 3-HK pathway is actually the major branch pathway of tryptophan catabolism in mammals. Fortunately, mammals have kynureninase that can efficiently hydrolyze 3-HK to alanine and 3-hydroxyanthranilic acid (HAA), and the later can be eventually oxidized to CO 2 and H 2 O or used to synthesize NAD + and NADP + through quinolinic acid intermediate (16) . The mammalian kynureninase is also capable of catalyzing the hydrolysis of kynurenine, but it has a much higher affinity to 3-HK than to kynurenine (17) , suggesting that the enzyme may play a major role in preventing the accumulation of 3-HK in mammals. Results from our previous study demonstrate that oxidation of tryptophan to 3-HK is also a major pathway of tryptophan catabolism in Aedes aegypti mosquitoes, especially during larval and egg development (18) . However, in contrast to mammals, mosquitoes cannot hydrolyze 3-HK and kynurenine due to their absence of kynureninase, which prevents both kynurenine and 3-HK from being completely oxidized or used for NAD + and NADP + synthesis. As a result, mosquitoes must deal with 3-HK in a different manner.
Our studies indicate that mosquitoes have an efficient mechanism controlling the level of 3-HK through converting the chemical reactive and potentially toxic 3-HK to a chemically stable XA by transaminase-mediated reactions. Therefore, the 3-HK to XA pathway is considered an essential detoxification pathway in mosquitoes. Crude protein extracted from A. aegypti larvae has a fairly high 3-HK transamination activity, but the activity was diminished once the larvae metamophosed to pupae (18) . The 3-HK transamination activity profile also correlates well with levels of XA accumulation in A. aegypti during development (18) . It seems clear that a transaminase, more specific for the transamination of 3-HK, is present in A. aegypti and responsible for preventing 3-HK accumulation in mosquitoes during development. Based on the reaction it catalyzes, we termed the enzyme 3-HK transaminase (HKT) in our previous report (18) .
In mammals, there is kynurenine aminotransferase (KAT) that catalyzes the transamination of kynurenine and 3-HK to kynurenic acid (KA) and XA, respectively (19) (20) (21) (22) (23) . Crude mosquito larval protein, although more active to 3-HK, was capable of catalyzing the transamination of kynurenine to KA; therefore, we presumed that the mosquito HKT might actually be quite similar to mammalian KAT. Recently, we isolated the mosquito KAT clone (GenBank Accession Number: AF395204) and expressed it in a baculovirus/insect expression system. The mosquito KAT shares about 50% sequence identity to mammalian KATs and its recombinant protein is capable of catalyzing the transamination of kynurenine to KA. However, in contrast to mammalian KATs, the expressed protein showed no activity to 3-HK (24) . It seems that a different transaminase must be responsible for catalyzing the transamination of 3-HK to XA in the mosquitoes.
XA has been reported to induce gametogenesis in Plasmodium (malaria parasites) (25) and suggested as the inducer of Plasmodium development in the mosquito (26) . The accumulation of XA and its function on Plasmodium development in mosquito are well correlated with the fact that the mosquito hosts Plasmodium as its biological transmission vector. HKT could be a target gene for study of parasite-host relationship between malaria and mosquito and the result could be preferential in malaria control.
To understand the specific transaminase responsible for catalyzing the transamination of 3-HK to XA in mosquitoes, we purified the mosquito HKT, obtained its partial internal amino acid sequences, and isolated its cDNA based on the partial sequence data. Blast search against NCBI databases revealed that the mosquito transaminase shared 45-46% sequence identity to mammalian alanine glyoxylate transaminases (AGTs). The high sequence similarity of the proposed mosquito HKT with AGTs raises a fundamental question regarding the identity of this mosquito transaminase. With the purified enzyme in this study, we were able to critically characterize the mosquito transaminase. Our data suggest that the primary function of this mosquito transaminase is the transamination of 3-HK to XA, and the enzyme plays an important physiological role in mosquitoes.
according to a previously described method (27) . About 500 g (wet weight) of 5-day-old larvae were collected and homogenized in a Palytron homogenizer (England) in 20 mM phosphate buffer, pH 6.2, containing 40% ammonium sulfate, 0.05 mM PLP, 10 mM β-ME, 1 mM PMSF and 1 mM PTU. The homogenate was centrifuged at 18,000 g for 10 min and the pellets were discarded. Solid (NH 4 ) 2 SO 4 was added to the supernatant to 60% saturation with gentle stirring. Precipitated proteins were separated by centrifugation (18,000 g for 10 min) and re-dissolved in 20 mM phosphate buffer, pH 6.2, containing 10 mM β-ME, 0.05 mM PLP. The dissolved protein sample was heated to 55 o C for 5 min, chilled on ice for 15 min, and centrifuged (18,000 g for 10 min) to obtain supernatant that was used as the starting material for HKT purification.
Chromatographic purification
Phenyl sepharose chromatography. Supernatant from the heat-treated protein sample, which contained the major HKT activity, was loaded to a phenyl sepharose column (5 ×12 cm) equilibrated with 20 mM phosphate buffer, pH 6.2, containing 1 M (NH 4 ) 2 SO 4 , 10 mM β-ME, and 0.05 mM PLP. Proteins were eluted using a decreasing linear (NH 4 ) 2 SO 4 gradient from 1 to 0.05 M prepared in 10 mM phosphate buffer, pH 6.2, containing 10 mM β-ME and 0.05 mM PLP. It was found that both PLP and β-ME were effective on protecting HKT from inactivation. The 10 mM phosphate buffer, pH 6.2, containing 0.05 mM PLP and 10 mM β-ME, which was extensively used during chromatographic separations of HKT, was defined as buffer A.
DEAE sepharose chromatography. The eluted HKT active fractions in buffer A were directly applied to a DEAE-Sepharose column (2.5 × 12 cm) equilibrated with buffer A. The enzyme was eluted by a linear KCl gradient from 0 to 300 mM prepared in 500 ml of buffer A.
Hydroxyapatite and UNO-Q column chromatography. Active fractions from DEAE sepharose chromatography were combined and directly applied to a hydroxyapatite column
(1 x 12 cm) equilibrated with buffer A. Proteins were eluted by a linear phosphate gradient from 10 to 400 mM prepared in buffer A at a flow rate of 1.5 ml min -1 during a 50 min period. Active fractions were pooled, concentrated, and exchanged with buffer A using a
Centriprep YM-30 concentrator (Millipore). The concentrated HKT active sample (1.5 ml)
was applied to an UNO-Q ion-exchange column (12 × 53 mm) and eluted by a linear KCl gradient from 10 to 300 mM prepared in buffer A with a flow rate of 1 ml min -1 during a 50 min period. Active fractions were pooled, concentrated and exchanged with buffer A using electrophoresis, the gel was sectioned into horizontal strips (2 mm wide). A small piece (2 × 2 mm) was cut from individual strips and mixed with 50 µl substrate preparation containing 10 mM 3-HK, 10 mM pyruvate and 40 µM PLP prepared using 200 mM phosphate buffer, pH 7.0, for HKT activity assay. After the HKT active gel strip was identified, protein in the gel strip was electro-eluted using a Centrieluter (Millipore) and concentrated using a Centricon YM-30 concentrator (Millipore). The concentrated protein was used for biochemical characterizations, protein sequencing by Edman degradation and analysis for purity and relative molecular mass by SDS-PAGE and reversed phase chromatography (28) .
N-terminal and internal sequencing
The HKT active protein after ND-PAGE was further separated by SDS-PAGE and the protein was electroblotted on a PVDF membrane for N-terminal sequencing by Edman degradation using a Procise 494 protein sequencer at the University of Illinois Biotechnology
Center. To obtain partial internal sequences, the ND-PAGE derived HKT fraction was chromatographed by HPLC on a C 18 reverse-phase column (4.6 x 250 mm) to separate contaminants remaining in the enzyme fraction. The HKT peak was collected, lyophilized, and digested using trypsin. The trypsin digest was separated by capillary HPLC, and three well-resolved peptide fragments were collected directly on PVDF membranes for Edman digestion.
cDNA cloning

PCR amplification. A forward degenerated primer (5'-GCN ATH AAY ATG GCN AC-3')
and a reverse degenerate primer (5'-GCT TNA CRA ADA TYT C-3') were designed based on internal amino acid sequences (AINMAT and EIFVK, respectively) and used for PCR amplification of the first strand cDNA synthesized from total RNA of 3-day-old A. aegypti larvae using a cDNA synthesizing kit (Life Technologies). A 600-bp fragment was amplified, cloned into a PCR2.1-TOPO TA cloning vector (Invitrogen) and then sequenced using the 
Northern hybridization
Total RNA was isolated (using Trizol reagent, Life Technologies) from larvae at 1 to 6 days after hatching, from pupae at 0.5 hr and 12 hr after pupation, and from ovaries collected at 24 hr post-bloodfeeding. Total RNA was electrophoresed in a 1% agarose-formadehyde gel in 20 mM MOPS buffer containing 4 mM sodium acetate and 1 mM EDTA at 5 V/cm for 3 hr.
RNA was transferred to a positive charge nylon membrane (Ambion) and crosslinked using a Bio-Rad UV crosslinker. The blot was hybridized sequentially with the 32 P-dCTP labeled 600-bp HKT fragment and then with a 500-bp probe generated from 18S ribosomal RNA of A. aegypti as a loading control. After hybridization at 42 o C for 16 hr, the blots were washed with increasing stringency (twice in 2 × SSC containing 0.1% SDS at room temperature for 25 min, and twice with 0.1 × SSC containing 0.1% SDS at 68 o C for 30 min), and exposed to X-ray films at -80 o C.
Biochemical characterizations
Substrate specificity and kinetic analysis. During enzyme purification, isolation of the individual enzymatic fractions was based exclusively on the presence of 3-HK transamination activity of the individual fractions. Surprisingly, however, the sequence data of the transaminase clone that was isolated based on the partial internal sequences of the purified HKT showed a considerable sequence homology with those of AGTs with no apparent sequence homology to mammalian KAT (see results). Obviously it was necessary to determine the identity of the enzyme. The HKT activity of the purified enzyme was assayed 
RESULTS
HKT purification
The overall process for the purification of mosquito HKT involves ammonium sulfate fractionation (40-60% saturation), heat treatment, chromatographic separation using different media, and ND-PAGE. Table 1 
Electrophoresis
Gradient ND-PAGE of the concentrated HKT fraction from the second UNO-Q column chromatography, followed by Coomassie blue staining, resulted in the detection of two major protein bands (Fig. 2 lane A) . The second band was identified as HKT based on HKT activity assays of the individual gel strips. Analysis of the eluted and concentrated HKT using SDS-PAGE and Coomassie blue staining revealed a single protein band with a Molecular mass of 42,500 (Fig. 2, lane C1) . A single major absorbance peak was observed when the eluted HKT active band was chromatographed by HPLC on a Vydac C 18 reversephase column (Fig. 2B) . (Fig. 3A) .
N-terminal and internal sequencing
BLAST analysis of the deduced HKT sequence revealed a 52% identity with a putative AGT of Drosophila melanogaster (GenBank Accession Number: AE003437) and 45-46% identity with AGTs of Oryctolagus cuniculus (GenBank Accession Number: M84647), Felis catus (GenBank Accession Number: X75923) and Homo sapiens (GenBank Accession Number: X53414). However, blast search of genomic databases did not match any known KATs.
Sequence alignment of HKT with the putative AGT of Drosophila and AGTs of three mammalian species revealed several conserved regions among them (Fig. 3B) . These highly conserved regions that provide the basis to group these proteins together likely are involved in the formation of active site for the enzyme, such as PLP and/or substrate binding domain, but there have been no information regarding the specific roles these conserved regions plays for any AGT.
Expression profile during development
The expression profile of the HKT was evaluated by northern blot analysis (Fig. 4) .
HKT mRNA (about 1.6 kb) was detected in larvae, pupae and developing ovaries. Levels of transcript increased from 1-to 4-day old larvae (lanes 1-4), decreased in 5-and 6-day old larvae and newly formed pupae (lanes 5 -7), and became undetectable in 12 hr pupae (lane 8), but high levels of HKT transcripts were detected in developing ovaries (lane 9).
Substrate specificity and kinetic analysis
The purified enzyme is capable of catalyzing the transamination of both kynurenine and 3-HK with pyruvate, glyoxylate or oxaloacetate as amino group acceptors (Table 2) , and the transamination of alanine with glyoxylate as an amino group acceptor. Based on the calculated K m , the enzyme showed higher affinity to 3-HK than to kynurenine and alanine.
The K m of the enzyme to DL-alanine (22.8 mM) is twice as that of L-alanine (11.2 mM),
suggesting that the D-alanine was neither a substrate nor an inhibitor. The K m of the enzyme to L-kynurenine (6.2 mM) is smaller that of DL-kynurenine (10 mM); accordingly, the true K m of the enzyme to the L-configuration of 3-HK (which is unavailable) could be smaller than that determined using DL-forms of 3-HK. The V max of enzyme to 3-HK, L-kynurenine, DL-kynurenine, L-alanine and DL-alanine are 60.6, 24, 18, 41 and 41.6 µmol/min/mg, respectively. Other kinetic parameters are shown in Table 3 . Among the substrates, the calculated K cat /K m is the highest for 3-HK (655 min -1 mM -1 ), indicating that the enzyme is much more efficient in catalyzing the transamination of 3-HK than the other substrates.
Effect of pH and temperature on HKT activity
Both the pH and temperature of the reaction mixture greatly affected HKT activity to 3-HK and alanine. Among the temperature points and pH conditions tested, the enzyme showed the highest activity around 55 o C to 3-HK and 60 o C to alanine (Fig. 5A ) and pH 9.0 (Fig. 5B ).
DISCUSSION
Our previous data suggest that mosquitoes have an efficient mechanism preventing the accumulation of 3-HK through converting the chemically reactive and potentially toxic 3-HK to chemically stable XA by an aminotransferase-mediated reaction (18) , but the enzyme responsible for catalyzing the 3-HK to XA pathway is poorly understood. In this study, we achieved the purification of mosquito HKT, isolated its cDNA from a larval cDNA library, determined its basic biochemical characteristics, and assessed its transcription profile during mosquito development. These data provide physical evidence for the presence of a transaminase that is more active to 3-HK and support a previous assumption that the enzyme plays an important physiological role in preventing over-accumulation of the chemically reactive and potentially toxic 3-HK during tryptophan oxidation in mosquitoes.
Based on transaminase activity assays using crude larval proteins, we had assumed that the mosquito HKT, although more active to 3-HK than to kynurenine, likely shared considerable sequence identity and biochemical characteristics with those of mammalian KATs. KAT from mammals catalyzes the transamination of kynurenine and 3-HK and can use both pyruvate and α-ketoglutarate (22) as amino acceptors. Mammalian KATs have been studied extensively because these enzymes are responsible for the production of KA that is a nonselective blocker of excitotory receptors and plays an important physiological role in protecting the N-methyl-D-aspartate receptors of CNS system from being overstimulated by excitotoxin (19, 20) . They also have glutamine transaminase K and aminoadipate aminotransferase activities (21) (22) (23) . However, results from this study suggest that the mosquito HKT is quite different as compared to mammalian KATs. For example, except for its high specific activity to 3-HK, mosquito HKT has no detectable activity with α-ketoglutarate or α-ketoadipate as amino acceptors. The most remarkable difference between mosquito HKT and KATs, however, is the dissimilarity in their primary sequences. Mosquito HKT shows 9% sequence identity with rat KAT (GenBank Accession Number: Z49696), 5%
sequence identity with human KAT (GenBank Accession Number: XM_011753) and 4% sequence identity with our previously isolated mosquito KAT (GenBank Accession Number: AF395204). The biochemical characteristics and primary sequences of this mosquito transaminase clearly distinguish itself from mammalian KATs.
Surprisingly, however, the primary sequence of mosquito HKT shares fairly high sequence identity (45-46%) with mammalian AGTs, and the enzyme can also catalyze the transamination of alanine in the presence of glyoxylate, the definition for a protein to be classified as AGT. It has become customary to name newly isolated sequences based on their sequence identity to the known proteins whose biochemical functions have been determined.
Consequently, it is reasonable to classify this mosquito transaminase as AGT. However, the high HKT activity of this mosquito transaminase raises a fundamental question, i.e., which activity is its primary and main function in mosquitoes and whether AGTs from other resources also have the same HKT activity?
Among the available AGT and putative AGT sequences, the putative AGT of Drosophila shares the highest identity to the mosquito transaminase sequence (52%).
Therefore, it was presumed that the putative Drosophila AGT would likely have same biochemical activities as those of the mosquito enzyme. Recently, we achieved the functional expression of both the mosquito HKT and the putative Drosophila AGT using insect/baculovirus expression system. Our preliminary data showed that the recombinant mosquito enzyme has both HKT and AGT activity, but it is more efficient on catalyzing the transamination of 3-HK (K cat /K m = 789 ± 322 min -1 mM -1 ) than that of alanine (K cat /K m = 67 ± 11 min -1 mM -1 ) in presence of glyoxylate, which is similar to the natural enzyme from mosquito larvae. In contrast, the Drosophila recombinant protein has a high AGT activity, but it completely lacks HKT activity (Han, Q. and Li, J. Y., unpublished data). The high sequence identity of the mosquito transaminase with other AGTs suggests that they are evolved from the same ancestry, but it seems apparent that the major biochemical function of this mosquito enzyme has deviated considerably from that of other AGTs.
The accumulation of high concentration of XA during larval and egg development, the detection of high HKT activity in mosquito larvae, and the high activity of the purified enzyme to 3-HK provide the basis for suggesting its major role in the transamination of 3-HK. In mosquitoes, 3-HK also is used for the production of ommochromes (the major eyepigments in some insects). Compound eye development is a major physiological event in insects during pupal development, and eye-pigmentation proceeds during pupal and earlier adult stages. Coincidently HKT activity becomes essentially undetectable in mosquito during pupal and earlier adult stages (except during egg development after bloodfeeding), while accumulation of 3-HK and ommochorme is observed in the compound eyes (32). The down-regulation of HKT and the accumulation of 3-HK during pupal and earlier adult stages provide additional support for its role in 3-HK transamination. In addition, kinetic analysis suggests that the mosquito enzyme is more efficient in catalyzing the transamination of 3-HK than that to alanine, although DL configuration of 3-HK was used for comparison.
Based on the above analysis, it is clear that the mosquito HKT plays an indispensable physiological role in the tryptophan catabolism in mosquitoes. The accumulation of high concentrations of XA during larval development, the correlations between the HKT activity profile and the levels of XA in mosquitoes, the correlations between the transcriptional profile of and HKT activity profile, and the high efficiency of the purified enzyme to 3-HK provide convincing evidences for its role in tryptophan catabolism in mosquitoes.
Accordingly, it is apparent that the primary function of this enzyme is the transamination of 3-HK to XA. However, because the enzyme also has the typical AGT activity, it seems more appropriate to term this enzyme as mosquito HKT/AGT. These results should serve as a useful reference to study similar enzymes from other mosquitoes. In addition, it is anticipated that our results also should promote comparative studies between the mosquito HKT/AGT and mammalian AGTs. 
